Patients who undergo surgical repair of congenital heart defects, characterized by a hypoplastic right ventricle or high pulmonary vascular resistance, are at high risk for the development of postoperative right heart failure. This risk may discourage the surgical team from carrying out a biventricular or complete repair in such patients. To reduce the risk for right heart failure, we developed a one-way, valved, atrial septal patch to serve as an artificial one-way foramen ovale and tested it in an animal model. By permitting right-to-left shunt, this device decompresses the failing right ventricle and maintains systemic cardiac output. The device has been used in 15 patients divided into three different groups: group 1 (n = 8), patients with a hypoplastic right ventricle and pulmonic stenosis or atresia, seven of whom underwent a biventricular repair; group 2 (n = 5), patients with evidence of pulmonary disease after longstanding left-to-right shunt caused by a correctable atrial or ventricular septal defect, all of whom had a complete repair; group 3, two patients with acute right heart failure in whom the device was used as a last option of treatment to wean them from cardiopulmonary bypass. This article presents our data in regard to the use of the one-way, valved, atrial septal patch and the indications for its clinical use. (J THORAC CARDIOVASC SURG 1996;111:841-8) T he correction of congenital heart defects characterized by a hypoplastic right ventricle (RV) or high pulmonary vascular resistance is frequently associated with postoperative failure of the right side of the heart. 1' 2 The risk of heart failure may discourage the surgical team from carrying out a biventricular or complete repair in these patients. Should postoperative right heart failure supervene, conventional medical therapy may not always improve the hemodynamic state. 3-6 The creation of an atrial septal defect (ASD) under these circumstances may dramatically improve the patient's condition and prognosis. Right-to-left interatrial shunting reduces RV preload and simultaneously augments left ven- The major disadvantage of this surgical solution, however, is that the ASD will require closure by a subsequent invasive procedure. Reoperation may be avoided by the use of a one-way, valved, atrial septal patch that can serve as an artificial patent foramen ovale. We ~2 developed such a device and successfully tested it in an animal study.
T
he correction of congenital heart defects characterized by a hypoplastic right ventricle (RV) or high pulmonary vascular resistance is frequently associated with postoperative failure of the right side of the heart. 1' 2 The risk of heart failure may discourage the surgical team from carrying out a biventricular or complete repair in these patients. Should postoperative right heart failure supervene, conventional medical therapy may not always improve the hemodynamic state. 3-6 The creation of an atrial septal defect (ASD) under these circumstances may dramatically improve the patient's condition and prognosis. Right-to-left interatrial shunting reduces RV preload and simultaneously augments left ven- are inserted and are important for maintaining the curtain in the correct position for closure, la
The device is sutured to the interatrial septum through the right atrium so that the curtain faces the left atrium and closes toward the right atrium (Fig. 1) .
Patients. Between 1989 and 1994, we used the one-way, valved, atrial septal patch in 15 patients (11 female and 4 male patients) divided into three groups according to their congenital malformation and clinical state: group 1 (n = 8), patients with a hypoplastic RV, small tricuspid valve, and severe pulmonic stenosis or atresia (Table I) ; group 2 (n = 5), patients with high pulmonary vascular resistance because of a large left-to-right shunt from an ASD or ventricular septal defect (VSD) (Table II) ; and group 3 (n = 2), patients with intraoperative acute right heart failure after complete repair of the congenital malformations. The right heart failure in group 3 was resistant to maximal pharmacologic treatment, and the one-way, valved, atrial septal patch was implanted as a last resort and only after repeated failures to wean the patients from cardiopulmonary bypass (CPB) ( Table III) .
Results
All patients in groups 1 and 2 survived the operation and are alive at present. In no patient in this series was there any morbidity that could be ascribed to the use of the one-way, valved, atrial septal patch. At discharge, all patients received aspirin as prophylaxis against thrombus formation on the device, as well as prophylaxis against subacute bacterial endocarditis. During the follow-up period, neither thrombus formation nor subacute bacterial endocarditis was documented.
Group 1 (Table IV) . The presence of a right-toleft interatrial shunt could be demonstrated in all patients in this group by echocardiography immediately after weaning from CPB. As early as this stage, RV function was impaired to varying degrees.
The first four patients had pulmonic atresia with intact ventricular septum and a moderately small RV. All had previously undergone surgical procedures to establish and maintain RV-pulmonary artery continuity and systemic-pulmonary artery shunting (see Table I ). At follow-up periods of 3 months to 4 years, an open device with a right-to-left shunt could be demonstrated in these patients.
Two patients required a subsequent surgical intervention.
Patient 5 had a hypoplastic RV with severe pulmonic stenosis and a VSD. She underwent RV outflow tract reconstruction with closure of the VSD and installation of the one-way, valved, atrial septal patch. Fifteen months after the operation, because of severe RV failure and marked cyanosis, she underwent a total cavopulmonary connection. The patient is doing well.
Patient 7 had transposition of the great arteries, subpulmonic stenosis, and a VSD. She underwent a Rastelli operation and installation of the one-way, valved, atrial septal patch. The device remained open for 3 months and then spontaneously closed. Three years after this operation, the one-way, valved, atrial septal patch reopened as a result of the development of severe stenosis in the RV-pulmonary artery conduit (pressure = 70 mm Hg). At reoperation the conduit was replaced, and the one-way, valved, atrial septal patch closed immediately thereafter. Table V) . Because of the high probability that postoperative right heart failure will develop in group 2 patients, the one-way, valved, atrial septal patch was inserted as a safety valve. The device closed spontaneously in all patients except patient 1 during the first postoperative week as RV pressures diminished. In patient 1, the device remained open for 8 months after the operation and then closed spontaneously. Early in the postoperative period, a right-to-left shunt and an arterial oxygen saturation of 88% were noted ( Fig. 2) . At that time a suprasystemic pulmonary artery pressure of 180/70 mm Hg was recorded. The patient's postoperative course was uneventful and she was discharged from the hospital after 14 days. Eighteen weeks later, the arterial oxygen saturation was 94% at rest. Eight months after the operation, the one-way, valved, atrial septal patch had closed spontaneously.
Group 2 (
The arterial oxygen saturation was 98% and the pulmonary artery pressure as estimated by echocardiography was 75/35 mm Hg. RV contractility was good, with the interventricular septum in the middle position. The patient's general condition was satisfactory and her physical capacity had improved significantly (New York Heart Association [NYHA] fimctional capacity class I).
Group 3. Both patients in group 3 died during the operation. In patient 1, installation of the device resulted in a significant reduction in the RV pres- sure, but he could not be weaned from CPB. In patient 2, installation of the device did not result in any improvement in the infant's hemodynamic state, and she too could not be weaned from CPB.
Discussion
Group 1. Except in patient 2, the one-way, valved, atrial septal patch enabled us to perform a biventricular repair in all patients in this group. All of them had a hypoplastic RV and pulmonary artery tree (see Table I ), and the risk of biventricular repair was considered to be high.
Patients 1 to 4, with pulmonary atresia and intact ventricular septum, presented a special challenge. The thorny question remains as to who are the best candidates for a biventricular repair. 1s-is Among our patients, all had mild to moderate RV hypoplasia and could therefore be considered possible candidates for biventricular repair) 5' 18 As mentioned in the Results section, all patients in this group had RV dysfunction immediately after being weaned from CPB, and the open device at this stage probably facilitated weaning from CPB and eased their postoperative course.
In patient 1, who has a follow-up of 4 years, the device was used as part of a biventricular repair and has not closed, and the right-to-left shunt has been documented throughout this period. The arterial oxygen saturation, however, which was 85% to 88% in the early postoperative period, has increased to 96% at rest 4 years later. This may be related in part to improved RV function, as weld as to narrowing in the fenestration aperture, whose diameter was 4 mm at the time of the operation. During an exercise test, the arterial blood saturation diminished to 93%, and on simultaneous echocardiography RV function was shown to be poorer than at rest. These results demonstrate that despite a successful biventricular repair and good N Y H A functional class, RV function may still be impaired especially during effort, when a right-to-left interatrial shunt serves to maintain cardiac output and systemic oxygen delivery. ~2 This child is doing well, with NYHA class I cardiac function, and attends a normal school.
Patients 2 to 4 were all operated on during the past 6 months and all still have an open device with a right-to-left shunt (see Table IV ). The arterial blood saturation values in these three patients are 90% to 92%. Preoperatively, all had arterial blood saturations of 60% to 65%. As in the case of patient 1, we believe that the arterial oxygen saturation will increase further in the future. The one-way, valved, atrial septal patch may yet close, but should it remain open, as in patient 1, its presence will be important to decompress the RV and maintain cardiac output when necessary.
Patient 5 underwent total cavopulmonary connection i5 months after the first operation and she is now progressing well. Review of this patient's data revealed that she had a hypoplastic RV and a tricuspid valve whose diameter was half the normal size. The pulmonary arteries were of normal size and without significant systemic-pulmonary collaterals. After the initial repair, there was no significant gradient across the pulmonic valve (3 mm Hg), the RV/LV pressure ratio was 0.7, and the device was open, permitting right-to-left shunting. However, the RV function deteriorated. The device remained open with a big right-to-left shunt and marked cyanosis. An attempted balloon closure of the device aggravated the degree of RV failure and prompted the decision to Perform a total cavopulmonary connection. We therefore do not consider this to be a failure of the device, but rather an error in patient selection for the biventricular repair. The open device in this instance served to decompress the failing RV and possibly helped to avoid a catastrophic result from the illchosen biventricular repair. ~9 Patient 7, with transposition of the great arteries, VSD, and subpulmonic stenosis, underwent a Rastelli operation and installation of the one-way, valved, atrial septal patch, despite a Nakata index 2° of 168 mm2/m 2. We consider that the use of the device enabled us to perform a Rastelli operation in this patient. Three months after the operation, the one-way, valved, atrial septal patch closed. Three years later, the device reopened because of elevation of the right-sided pressures, and the right-toleft shunt was detected. The pressures became elevated as a result of the development of severe stenosis in the RV-pulmonary artery conduit, which was replaced during a subsequent operation. After this procedure, the device again closed spontaneously and the patient is now doing well. In this instance, the device demonstrated the advantages of (1) early postoperative RV decompression and (2) the ability to reopen several years later when elevated right-sided pressures supervened. Patient 8, who had tetralogy of Fallot, small pulmonary arteries, and a Nakata index 2° of 138 mmZ/m 2, underwent a complete repair with installation of the one-way, valved; atrial septal patch. Her postoperative course was uneventful and the device closed spontaneously after 6 weeks. Four years later, the device remains closed and she is in NYHA functional class I.
The principle of leaving a patent foramen ovale when repairing a high-risk tetralogy of Fallot has been advocated in the past. 2~ The use of the device in this highrrisk condition facilitated complete repair and undoubtedly eased the postoperative course.
Group 2. All patients in group 2 had a correctable ASD or VSD with significant pulmonary vascular disease and were in NYHA functional class of III or IV (see Table II ). This kind of patient also presents a particular challenge to the surgical team, and the decision as to whether to operate is difficult because of the high risk of perioperative acute right heart failure. = Surgery for the correction of an ASD should be performed before the age of 5 years if there is a significant left-to-right shunt with a pulmonary/systemic flow ratio greater than 2. In the presence of pulmonary hypertension with an elevated pulmonary vascular resistance, the patient should not be operated on if the resistance is more than 9 U/m 2 and cannot be reduced below 8 U/m 2 with pulmonary vasodilator agents. 22-24 VSD correction should not be performed because of the same hazard, when a fixed pulmonary vascular resistance of 8 U/m 2 or greater is measured. 2s
Patients 1 to 3 were adults whose conditions were considered inoperable in other centers, but whom we regarded as on the borderline for the safe correction of the septal defect with a one-way, valved, atrial septal patch.
Patient 1 was in NYHA functional class IV on admission, requiring an oxygen mask intermittently. The pulmonary vascular resistance was fixed a level of 7.1 U/m 2 with a bidirectional shunt. At operation a complete repair of the VSD was performed, the one-way, valved, atrial septal patch was installed in the interatrial septum, and the patent ductus arteriosus was ligated and divided. Lung biopsy revealed grade 1 to 3 changes according to the classification of Heath and Edwards, 26 and these changes are considered to be reversibles As described in the Results section, a progressive fall in the pulmonary artery pressure occurred over the initial postoperative 8 months, with significant improvement in RV function. This led to the spontaneous closure of the device and an arterial oxygen saturation of 98%. In addition, her general condition has improved and she is now in NYHA functional class I; the only medication she receives is aspirin. According to this patient's data, we consider that the use of the device made the operation possible and eased the postoperative course. In the light of the still high pulmonary artery pressure (73/35 mm Hg), the spontaneous closure of the device might be considered premature. However, the fact that at least part of her pulmonary vascular disease was reversible according to the lung biopsy is reassuring, and we hope for further improvement in her pulmonary artery pressure and RV function.
Patient 2 had an ASD, a pulmonary vascular resistance of 14.2 U/m 2, and a bidirectional shunt while breathing room air. While she was breathing 100% oxygen, pulmonary vascular resistance was 4.2 U/m 2 and the pulmonary/systemic flow ratio rose from 1.6:1 to 2.8:1. At operation, the ASD was repaired with the one-way, valved, atrial septal patch. A right-to-left shunt was documented for the first 6 postoperative days, when spontaneous closure occurred.
We considered this patient's condition to be on the borderline for surgical correction, = but mfiny might have regarded her condition as inoperable. After 4.5 years of follow-up, the device remains closed and she is in NYHA functional class I.
From the hemodynamic data of patient 3 (see Table  II ), we considered her to be at high risk for the development of perioperative right heart failure without the use of the one-way, valved, atrial septal patch. Her perioperative course was, in fact, uneventful, and transesophageal echocardiography revealed no shunt through the device, although the RV/LV peak pressure ratio was 0.9 after weaning from CPB. These findings can be explained by the fact that when RV function is still good despite these circumstances, with a near normal RV end-diastolic pressure (13 mm Hg), elevation of the right atrial pressure is minimal and the pressure gradient between the right and left atria is not sufficiently high to open the one-way, valved, atrial septal patch. 12 In the future, we would still consider such a patient to be a candidate for correction of the VSD, with installation of the device at the interatrial septum as a safety valve against the development of right heart failure.
In patients 4 and 5 the ASDs were corrected with the device. In both, the device closed spontaneously 1 week after the operation.
In patient 4, the device was used as part of the surgical repair to reduce the risk of right heart failure in a patient who had a relatively small left-to-right shunt despite a large ASD. We suspected that the preoperative hemodynamic measurements (see Table II ) might be erroneous in the face of such a large ASD, as demonstrated on echocardiography and cardiac catheterization.
Patient 5 was a very ill baby with severe failure to thrive and a large ASD. The pulmonary vascular resistance was high and fixed (see Table II ), and we considered the risk of surgery to be very high. As in the other cases in this group, we believe that the device eased the perioperative course, and we can highly recommend its use in such infants.
Group 3. Use of the device as a last resort to wean both patients in this group from CPB proved unsuccessful. In patient 1, the use of the device resulted in decompression of the RV. Initially, the pressure in the RV was suprasystemic; installation of the device resulted in a significant reduction of the RV pressure to less than half of LV pressure. Despite this improvement, the patient could not be weaned from CPB. In patient 2, the device did not improve her hemodynamic state and we were unable to wean her from CPB.
Despite its use, the one-way, valved, atrial septal patch failed in this group and both patients died. Instead of prolonged use of CPB with repeated and unsuccessful efforts to wean the patient, we think that the device should be installed as soon as right heart failure resistant to conventional treatment occurs. 3-6 If the device was installed promptly, decompression of the failing RV and better cardiac output would be achieved sooner with a better prospect of weaning from CPB. Earlier placement of the device may also prevent further insult from a very long extracorporeal circulation time and poor hemodynamic state to the heart, lungs, and other organs. 2s
The creation of an ASD to allow right-to-left interatrial shunting is not a new concept in dealing with right heart failure. 7q° Such a shunt serves to decompress the failing RV and augments cardiac output at the expense of mild arterial blood desaturation. Decompression of the RV and reduction in its end-diastolic pressure improves coronary blood flow to the failing myocardium, al Despite the mild arterial blood desaturation, tissue oxygen delivery improves as a result of increased cardiac output. Although well established, this concept is not sufficiently exploited to reduce the risk of postoperative right heart failure and thus enable a biventricular or complete repair to be undertaken in borderline cases.re' as The fenestrated Fontan procedure uses this principle, although as part of a univentricular repair. 29 However, we do not consider the one-way, valved, atrial septal patch to be suitable for such an operation because of the obligatory high pressures in the right-sided conduit, which will maintain the device in its open position.
The one-way, valved, atrial septal patch provides the same hemodynamic benefits as an ASD, together with the added advantages of a controlled opening pressure and the ability to close, without the need for a subsequent invasive procedure. Furthermore, the device does not permit any left-toright shunt and thus prevents vena caval congestion if the left atrial pressures exceed those on the right side. 12'3° Should the RV pressure again become elevated, as occurred in patient 7 in group 1, the device may reopen after its initial closure and thus 
